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The results reported herein are believed to be the first experimental measurements of the rate constant for the
reaction OH+ BrO — products (eq 1), which was found to be (Z&%.2) x 10 cm® molecule® s (20)

at 300 K and 1 Torr. The mean value is 7 times larger than the estimate in the NASA stratospheric database,
which currently finds widespread use to model the chemistry that controls stratospheric ozone concentrations.
The reactant radicals were prepared in separate flow reactors and mixed in the main flow reactor. OH was
prepared by H H,O — OH + HF, and BrO was prepared by passing dilute mixtures of H&Bthrough

a microwave discharge. The composition of the gas mixture was adjusted empirically to minimize the effluent
concentration of Bx Beam-sampling mass spectrometry supplemented by chemical titration techniques was
used to measure atom and radical concentrations. The rate constant for reaction 1 was obtained from a
least-squares fit of the observed BrO concentrations as a function of time to a numerical model of relevant
reactions. Known values were used for all other rate constants Whikeas fitted. Just three reactions
significantly affect the fitted value df;: OH + BrO — Br + HO, (eq 1a), OH+ Br, — HOBr + Br (eq 2),

and BrO+ BrO — products (eq 6). The mechanism of reaction 1 is believed to be-@+#0 — [HOOBI]*

— Br + HO,, AHr = —10 kcal mof? (eq 1a) and OH+ BrO — [HOOBI]* — HBr + O,, AHr = —48 kcal

mol~! (1b), where [HOOBY¥] denotes a short-lived vibrationally excited addition complex. It is argued that

eq la is the predominant and perhaps exclusive product channel, with eq 1b hindered by a large activation
energy for access to the HBr O, products. The magnitude &f, approximately one-half of the gas kinetic

limit, is attributed to the promotion of efficient spitorbit mixing of singlet and triplet surfaces in the [HOOBr]
complex by the heavy Br atom.

1. Introduction OCIO/CIOO. The other key BrO cycle in this region involves

reaction with HQ:®
On a per atom basis, bromine is considerably more destructive

of stratospheric ozone than is chlorihézormation of reactive BrO + HO, — HOBr + O,
BrOy radicals within the stratosphere is initiated by photo-
dissociation of methyl bromide (GBr) and the halons GBr, HOBr+ hv — OH + Br

CFR.CIBr, and CEBrCF:Br.2 The major route for participation
of the BrO radical in the chemistry of the lower stratosphere,
as originally proposed by Yung et &lis through its synergistic
relationship with CIO in the catalytic cycle:

OH+ 0O;—HO,+ O,
Br+O;—BrO+ 0O,

BrO + CIO— Br + Cl + O, Net: 20,— 30,
Br+0,—Bro+ 0, Above 25 km altitude, the reaction with atomic oxygen
BrO+O—Br+0,

Cl+0,—ClO+ 0,

Br+ O;—BrO+ 0,
Net: 20,— 30,
Net: O+ O;— 20,
It is now knowrt that only about 8% of the overall Bré® CIO
reaction yields BrCl, which is immediately photodissociated in becomes the dominant BrO-catalyzed d&struction cyclé.

the stratosphere to B+ Cl. The major process yields B¥ The reaction
* Author to whom correspondence should be addressed: e-mail, OH + BrO — products Q)
ulljs@lepvax.gsfc.nasa.gov.
1 NASA/Goddard Space Flight Center. is potentially important in the partitioning of stratospheric
The Catholic University of America. bromine. The reaction could also affect Hartitioning, but
8 NAS/NRC Senior Research Associate. . . -
I Coppin State College. bromine concentrations in the stratosphere are probably too low
€ Abstract published irAdvance ACS Abstractéyugust 1, 1996. for the effect to be significarit. There have been no previously
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+ CIO). The fact that the BrO self-reaction is more than 100

NESTED INJECTOR FLOW REACTOR
: times faster than the CIO self-reaction is an additional complica-

REGION | . .
BrO Source : tion in the present study.
Dist., d (cm)! d,=30-dg ! The second radical source prepared OH by
Time, t(s) . t, = (30 - dy)/<v> s
REGION Il REGION Il F+HO—HF+OH k=14x10"cm
OH Source OH + Br0 -1 -1
dy=14 dy = 5 to 25 molecule~s = (3)
PO UL Atomic F was produced by a microwave discharge acting on
: . . dilute mixtures €0.1%) of CR in He. The discharge tube was
: a 7 cm long ceramic tube coupled to the inlet of the glass flow
. H20 > tubevia Teflon fittings. A recombination volumevas placed
. : downstream from the discharge region to allow time for the
F—=  47mmiD 17 mm 1D BmmiD - MS removal of CR species. A large excess of,® was used,
: typically, [H20]o = 10 molecules cm® or about 100[R].
: Under this condition the formation of OH was complete in less
lﬂ -y than 3 ms. The major complications of the OH source were
Bro Flow Direction > To Pump caused by the following reactions:

Figure 1. Schematic diagram of the nested-injector flow reactor. See

. OH+OH—H, O+ 0O
text section 2.1.

k,=1.9x 10 *cm®
molecule*s™ (4)
reported experimental measurementk;pflthough an estimate

of k; = 1 x 10711 cm® molecule s71 is given in the NASA
data evaluatioA.

ks=3.3x 10 " cm’®
molecules™ (5)

O+OH—0,+H

2. Experimental Section The desired initial concentrations for both BrO and OH

Discharge flow reactor techniques and beam-sampling massfadicals were in the range (6-8) x 10> molecules cm?. To
spectrometry with electron impact ionization were used for this achieve these concentrations, higher values of [BrO] and [OH]
investigation. The design and performance of the sampling andWere required in the BrO source (region | in Figure 1) and in
detection system have been described previously. the OH source (region Il in Figure 1), respectively.

2.1. Nested Injector Flow Reactor. The new “nested- The output flows of the two radical sources were mixed in
injector” flow reactor used for this investigation is shown region III.(F|gure 1)to |.n|t|ate.react|on 1. Thus, the initial time
schematically in Figure 1. The nested-injector design facilitates for reaction 1ty = 0, is defined as occurring at the Br®
the study of radicatradical kinetics by allowing radical source mixing point at the upstream end of region Ill. The
reactions to proceed to completion in isolation from each other. €fféctive detection point is the molecular beam sampling inlet
The radicals thus prepared were then mixed in the main flow t0 the mass spectrometer. _
chamber. The surfaces of the reactor that were exposed to atoms ' "€ bulk flow velocities in all three reactor regions were
and radicals were coated with fluorocarbon wax. The linear Matched as closely as possible. The cross-sectional @eas,
flow velocity in the main flow chamber (region I1l) was on the  (CP), of the three regions are in the ratiésAy:Ay = 3:2:5.
order of 1000 cm s at a nominal pressure of 1 Torr of He. The total flow rates of gass (cm® s7), in each region were

One radical source prepared BrO from dilute mixtures gf O €stablished in these same ratiésF:Fin = 3:2:5, ensuring
Br,, and He passed directly through a discharge. This method the de_swed velc_)cny mat_chlng. Because of the flow relationships
was superior to the usual ® Br, — BrO + Br method because des'crlbe.d ea(ller the t!trated concentratlpns of BrO and OH
it resulted in a much lower residual Broncentration. Typically _radlca_ls in their respective sources were higher thar) their values
[0]:[Br2] = 1525 in the gas entering the discharge, with[O N region I_II. As a result_ of these higher concentrations, losses
> 2 x 10 molecules cm?3. It was necessary to minimize [Br of the radicals by the bimolecular self-reactions,
in the BrO source effluent because of the complicating presence

of the fast reaction: OH+OH—H,0+0O

k,=1.9x 10 %cm’

molecule*s™ (4)

OH-+Br,—HOBr+Br k,=4.2x 10 e’

molecule® s @ BrO + BrO—2Br+ O,

ke =2.3x 10 Zcm®

molecule's ™ (6a)
The source fok, and all subsequent rate constants is ref 4 unless
stated otherwise. Reaction 2 is detrimental for two reasons: it
competes with reaction 1 in consuming OH, and it leads to a
BrO* fragment ion (from HOBr) whose signal was difficult to
isolate from the signal due to BrO radical. To place this in were more serious in the respective sources than in region IIl.

kep = 0.4 x 10 cm’
molecule*s™ (6b)

—Br,+0,

perspective, we note that the analogous reaction4O€l, —
HOCI + Cl has a rate constahkt= 6.7 x 10~ cm?® molecule’?
s71, as compared t& = 1.7 x 1071 cm® molecule® s™1 for
the reaction OHt+ CIO — Cl + HO,. Thus, the reaction rate
of OH with CIO is >200 times faster than the rate with,Cln
contrast, the reaction rate of OH with BrO is approximately
equal to the rate with Br This fact made the present
investigation considerably more difficult than the studk@H

The concentration relationships were [Br&] %/3[BrO];, and
[OH]” = 5/2[OH]|||.
2.2. Measurement of [BrO]. The reaction

k,=2.1x 10 *cm’®
molecule*s™ (7)

BrO + NO— Br + NO,

was used to determine [BrO] by titration. A 10-fold excess of
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NO was added through the nested injector. This was sufficient TABLE 1: Measured Rate Constants for the Reaction OH

to convert>99% of BrO initially present into N@ Measure-
ment of them/z = 46 ion signal (N@") in the mass spectrum
and a separate calibration using known amounts of Wére
used to obtain a quantitative measure of [BfO]A small
correction (10%) was made for a background signaivéz =
46. A lower limit to the detection of BrO was about 20
radicals crm® at a signal-to-noise ratio of 1:1 using an electron
energy of 18 eV.

The fast reaction

O+NO,—~NO+0, ks=9.7x10*cm’

molecule*s™* (8)

could lead to a falsely low value of [BrO] if [O] from the BrO
source were present in a significant amount.
possibility, the depletion of added NQvas observed in the

absence of added NO. The depletion was small, and it is

estimated that, for all experiments reported herein, [Q]
0.15[BrQO} in the effluent of the [BrO] source.

Several measurements were obtained of the BrO profile as a

function of time, [BrOj, within the BrO source. The [Br@]
profile should be governed by eq 6 and the following reactions:

O+Br,—~BrO+Br k,=20x 10 *cm®

molecule*s™* (ref 8) (9)

BrO + wall — products Kk, (in s Y was fitted  (10)

O+BrO—0,+Br k;,;=4.0x 10 "cn?’

molecule!s™* (ref 6) (11)

+ BrO¢
initial initial initial  initial k(OH + BrO)
[OH]2 [BrO]* [Brj* [0]° (x10*cm®molecule!s™?)
11 1.3 0.34 51 7.0
2.3 1.4 0.32 17 12
0.74 0.7 0.24 4.3 7.0
1.9 1.7 0.61 14 8.0
1.5 15 0.39 7.0 6.0
1.1 0.4 1.1 4.3 7.0
1.0 0.4 1.4 5.6 55
7.5+ 4.28

a Concentration units are ¥molecules cm?. ® Concentration units
are 18° molecules cmd. ¢ Error is+20. 9 [H,0]o = (4.4-4.8) x 10%
molecules cm?®.

To assess this.

is important to note that O is a secondary species formed by
reaction 4 and that H is a tertiary species, requiring the
occurrence of reaction 4 followed by reaction 5.

Values of [F} were obtained to characterize the OH source
as completely as possible. This was done by titration with Br
and measurement of the depletionmofz = 160:

F+Br,—BrF+Br ks;=2.2x10 “cn?’

molecule* s * (ref 10) (13)

[Flo always exceeded [Oli]typically by 10-20% for values
of [F]o between 1 and & 10* molecules cm®. This may be
due to the loss of F before the conversion to OH is complete
and/or to the loss of OH in the source region.

To characterize the OH source, a four-reaction numerical
model was integrated in a manner similar to that used for the

Numerical integration of the preceding set of reactions was usedBrO source. The rate constamhts ks, andks were fixed at the

to generate model [Br@profiles for comparison with experi-
ment. The rate constanks, Kepn, ko, andki; were fixed at the
values quoted earlier, andp was fitted so as to minimize the

sum of the squares of the differences between experiment and OH + wall — products

model. The best fit was obtained by setting = 0. Had the
best fit been for some value &g > 0, it would have been
necessary to use different valueskgfin the BrO source (region

I, Figure 1) and the main reactor (region lll, Figure 1) because

the surface-to-volume ratios of these two regions are different.

values cited earlier, ankh4 was varied so as to give the best

least-squares fit of the observed and calculated profiles of {OH]
ky, (ins ) wasfited (14)

The best fit was obtained fdi4 = 0. The loss rate of OH on

walls treated with halocarbon wax is expected to be small but

not zero. However, accurate values of [OH] are required to
model region Ill. Use of the literature valueslafandks gave
a modeled [OH] decay in the OH source that was slightly faster

Region | has inner and outer walls, whereas region Ill has only than observed, i.e., all of the observed [OH] decay could be

an outer wall. For region kya values will be the sum of the
inner wall and outer wall contributions.

2.3. Measurement of [OH]. The values of [OH] in the
effluent of the OH source were measured by using the titration
reaction:

OH+Br,—HOBr+Br k,=4.2x 10 *cm’

molecule*s™* (2)

Excess By was added upstream of the OH source, and the
depletion of ¥z = 160, corresponding td°BrélBrt, was
measured. The results of this procedure are useful only if [O]
and [H], are small relative to [OH]since the bromine molecule
reacts rapidly with O and H, as well as with OH.

O+Br,—~BrO+Br  k,=20x10"cm’

molecule*s™* (ref 8) (9)

H+Br,—~HBr+Br  k,=19 x10 “cm’

molecule*s™* (ref 9) (12)

accounted for by homogeneous reactions. Typically [©H]

2 x 102 molecules cm? and decayed by 25% in 30 ms. Given
the high reactivity of OH in general, its slow decay was taken
as evidence that the OH source was well characterized. On
the basis of all the evidence obtained, we believe that the values
of [OH], estimated from titration with Brare accurate within
15%.

2.4. Rate Constant Determinations.Assignment of a value
to the rate constant was based upon least-squares fitting of a
numerical model, described in section 3.2, of the experimental
BrO profile as a function of time, [BrQ] The model input
employed the value of [@]from the OH radical source (see
Table 1).

The distanced;, and time.ty,, for the reaction of OH with
BrO are defined in Figure 1. The time for the preparation of
OH, t, and the associated distandg, were kept constant by
moving the two nested injectors together without changing the
position of the inner injector with respect to the outer. As a
result of the fact thatl, + d;; = constantd, andt, are coupled
to dy andty,, respectively, as shown in Figure 1. Sirtcand
ty are not independent, [Br@yas different for each value of

Some O and H must be present in the OH source. However, itty used in an experiment. Through the preceding relationships,
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Figure 2. Mass spectral scans for one data point in an experimental rate constant measurement. See text section 2.4.

each pair of injector positionsi(andd;) defined a different This procedure accounts for the fact that the appropriate
time period for the occurrence of the self-reaction of BrO background signal is different for [Broghan for [BrOp. We
(reaction 6). found that the area afvz = 97 was always larger in scan b
The primary experimental data used to extract rate constantsthan in scan a. This was due to Br@ragment ions from
were mass scans of the regiorz = 94—101 taken at a nominal  HOBr ! which was formed from OH+ Br, — HOBr + Br.

ionizing energy of 18 eV. An example is shown in Figure 2. 2 5 Materials. Helium (99.999%, Air Products) was dried
Thep/z values correspond to the following molecular species: by passage through a trap heldTat 77 K before entering the
BrO™ at 95 and 97, HOBrat 96 and 98, and BrfFat 98 and  fiow system. By (99.99%, Baker Analytical) and 4@ (deion-
100. A large stable instrument background signal occurred at ized) were degassed @t= 77 K by using repeated freeze
m/z= 94 and a smaller background signal occurred at 101. The pump-thaw cycles. @ (99.999%, Scientific Gas Products
latter signals were useful as mass markers and sensitivity checksUHp) and CF (99%, Matheson) were used without further
Scans of the 94101 region were obtained under four condi- purification. NO (99%, Matheson) was passed through a spiral

tions: (a) Figure 2a with both radical sources off; (b) Figure trap containing silica gel maintained Bt~ 130 K (h-pentane
2b with OH source on, BrO source off, and HOBrominent; sIqu)h) to rlerlngvel ;racgs of l\liO I O-p

(c) Figure 2c with both radical sources on and Brénd HOBF
prominent; and (d) Figure 2d with OH source off, BrO source
on, and BrO prominent. The source on and source off 3. Results
designations refer to the discharges. The molecular precursors
of the respective atoms and radicals were still present when the
respective sources were off. Figure 2a is uncrowded and so it
is labeled for convenience to show the locations where the’ BrO
HOBr*, and BrF ion signals appear in Figure 2id. However,
all of the peaks shown in Figure 2a are instrumental background.
Only thenV/z = 97 peak, representing BfQwas needed for
rate constant determinations. However, the entire observe
region, mz = 94-101, is useful in determining system . .
performance and was therefore saved in the computer file for every value.oftm. A proper plotting variable fqr rate
representing each experiment. The resolution of the massconstant _extract|on mus_t normalize or correct for this effect.
spectrometer was adjusted to maximize the integrated area of! N€ fractional consumption of BrO,  [BrO]/[BrOJo, where
m/z = 97 while still keeping it isolated from/z = 96 and 98. (e subscript 0 denotdg = 0 andt denotes > 0, satisfies
lon signals were taken as integrated peak areas between th&his requirement and was therefore used.

3.1. Rate Constants. The reaction of interest, reaction 1,
cannot be completely isolated from competing reactions and
side reactions, particularly reaction 2. Consequently, the data
cannot be treated appropriately by a traditional first-order or
second-order plot. Furthermore, variatiortigfby moving the
nested probe assembly changes the time available for the self-
OIreaction of BrO (by reaction 6). Hence, as stated in section
2.4, the initial values of [BrO] entering region Ill are different

minima of the valleys on each side of the respective peaks. The results of a typical rate constant determination are shown
For each set of injector positions in an experiment, a set of in Figure 3. The quantity - [BrO]¢/[BrO]o has a limiting
four mass spectral scans analogous +a@f Figure 2 was  range from O atty = 0 to 1 atty = . The figure was

obtained. The value of [Br@Js proportional to the integrated  constructed from integrated peak areas of mass spectral scans
peak area difference (d a) atm/z= 97. (See Figure 2 foran such as those shown in Figure 2. Figure 3 shows the
example.) Scans d and a were both taken with the OH sourceexperimental values of (¢ [BrO]+/[BrO]o) as a function ofy,

off. The value of [BrO] taken with the OH source on, is and values calculated from a comprehensive numerical model
proportional to the peak area difference—-{cb) atm/z = 97. for three choices df;. The best least-squares fit to the full set
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BrO + OH Rate Data

O+BrO—0,+Br  k;,;=4.0x10"cm’®

50 0.;: Le2 303 moleculé* s* (11)
? g:g S H+Br,—~HBr+Br  k,=1.9x 10 cn?

G'_Ti. 06 " molecule*s™ (12)
T %08 6 24w 40 OH+HO,—~H0+0, kg=11x10cm’

t,(ms) 1
_ = o molecule*s™* (15)
Figure 3. OH + BrO rate data for a typical rate constant determination.

Fractional consumption of BrO is plotted as a function of time. Squares

represent experimental measurements; the other plotting symbols areo +HO,—~OH+ O,

kig=5.9x 10 " cm’

numerical model calculations for different choicesk¢@®H + BrO).
See text section 3.1. [Ob 2.3 x 10'2 molecules cm® and [BrO}
= 1.4 x 10'> molecules cm®.

of experimental points of Figure 3 was for the model uding
= 1.2 x 107 1%cm® molecule? s71, with a correlation coefficient
of 0.84.

Table 1 shows the collected results of the experiments. The

initial values of [OH], [BrO], and [Bj] were varied systemati-

cally within the rather tight constraints imposed by this difficult O + HOBr— BrO + OH
experiment. The measured rate constants were plotted against
[OH], [BrO], and [Br,] and no clear systematic dependencies

were noted. The mean of seven measuremerits s 7.5 x
101 cm?® molecule’® s71; the standard deviation §) is 2.1 x
10711 Given the difficulty of the experiment, the valle (T
= 300 K) = (7.5 & 4.2) x 107 cm® molecule! s™1 is
recommended, where the quoted error limith&c.

Attempts were made to measure the rate constant by using

the decay of the OH signal atmyz= 17. The signal-to-noise

molecule*s™* (16)

BrO+ HO,—HOBr+ 0,  k;;=3.3x 10 *cm’®

molecule*s™ (17)

OH+HOBr—Bro+H,0  k=1x 10 ?cm’

molecule*s™* (18)

kio=2.5x 10 " cm’®

molecule*s™* (19)

kyo=7.3x 10 " cm®

molecule*s™ (20)

HO, + H— OH + OH

OH+HBr—H,O+Br  ky=11x10"cn?’

molecule*s™ (21)

ratio for OH was poorer than that for BrO and we were not The rate constants are from ref 4 with the following excep-

able to obtain useful results from the observations.

3.2. Detailed Reaction Model. The complete numerical
model used the following reactions and rate constants:

OH + BrO— Br + HO, k, fitted (1)

OH+Br,—HOBr+Br k,=42x10"cm’®

molecule*s* (2)

F+HO—HF+OH  ks=1.4x10"cm’

molecule*s* (3)

OH+OH—H,0+0  k,=19x10"*cm’

molecule*s™* (4)

O+O0OH—0,+H  k=3.3x10"cn’

molecule*s ™ (5)

BrO+BrO—2Br+ 0, kg, =2.3x 10 “cm’®

molecule's™ (6a)

—Br,+0, ky=04x10"%cm’

molecule*s™* (6b)

BrO + BrO— all products ~ ky=2.7 x 10 *cm®

molecule*s* (6)

O+Br,—~BrO+Br  k,=2.0x 10 "cm’

molecule*s* (9)

tions: kg (ref 8), kia (ref 6), kiz (ref 9), andkig andkyg (ref 12).

The numerical integrations were performed by using the
ACUCHEM computer progrart® The rate constants reported

in Table 1 utilized the full reaction model given here. Test
integrations were performed by using reduced reaction sets to
gain some insight into the relative importance of the reactions
in the full set. It was determined that the inclusion of a Br loss
process, specifically the Br HO, — HBr + O, reaction, had

no significant effect €1%), and thus, this reaction was not
included in the full reaction model. We also found that a
surprisingly accurate representation of the experiments was
obtained by using only three reactions, egs 1, 2, and 6, together
with the titrated values of [Br@Jand [OH}. (For the full set
integrations, reactions 6a and 6b were used. For the three-
reaction set only eq 6 was used.) The accuracy of the three-
reaction model would have been sufficient in view of the
magnitudes of the experimental errors.

4. Discussion

4.1. Magnitude of the Rate Constant. The magnitude of
the 300 K rate coefficientk; = (7.5 &+ 4.2) x 107 cm?
molecule’! s71, is about one-half the gas kinetic collision
frequency. To our knowledge this is the first experimental
measurement of the rate constant. The NASA database for
stratospheric modelifighas estimated; as 1 x 1071 cm?
molecule’! s71, which is 7 times smaller than the value reported
herein. Furthermore, the present measurement is 4.4 times larger
than the rate constant &f= 1.7 x 107! cm?® molecule* s™*
(about one-tenth the collision frequency) for the reaction, OH
+ CIO — products, where it is known that 85%:15%) of the
products are CH HO,.*

In the latter case we expect that the initial step in the
mechanism is radical recombination to form a vibrationally
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TABLE 2: Comparison of Rate Constants atT = 300 K for HO + OBr
Reactions OH and HG, with XO Where X = CI, Br, and | 40 “
k(OH + XO) k(HO; + XO) 351
X0 (cm® molecule s74) (cm® molecule? s74) = 30
ClO 17x 101 5.0x 10 22 g 25
BrO 7.5x 10°11b 2.5x 107t¢ = opd
10 ~1-2 x 10104 8.4x 10°11e § py
aReference 4° This study.¢ Average of the values 3.8 107! (ref ; 101
4) and 1.7x 107! (ref 16).9 Estimated from experimental trend in o
OH and HQ reactions® Average of values 6.4« 101! (ref 17) and g 51
10.3 x 1071 (ref 18). E= Y _
ul
. . i -5 {HBr + O,
excited HOOCI molecule, which fragments on a time scale 10 I
shorter than the mean time between collisions (approximately .
1077 s) to give the observed products. We believe that the OH — Known e Estimated

+ BrO reaction will proceed similarly by recombination to form
vibrationally excited HOOBr. The formation of relatively weak Figure 4. Postulated potential energy surface for the reaction of OH
peroxide bonds by recombination will almost certainly yield + BrO. See text section 4.2.

insufficient energy to reach the lowest triplet states of the

halohydroperoxide adducts. In this case, the adducts would have'€actants and products, activation energies, and preexponential
to fall apart to the OH+ XO reactants or form products on the ~factors for the competing channels. Only the enthalpies are
ground state singlet potential energy surface. The OH and XO known?

radicals are ground state doublets correlating with four spin- Reactions such as 1a and 1b occur widely and are known as
allowed surfaces: the singlet and the three microstates compris-chemically actiated unimolecular reactionsin the case of two

ing the triplet. Bensolt has pointed out that radicatadical ~ or more product channels, each may be treated separately with
recombination reactions involving only first- and second-row full rigor. A postulated potential energy surface to describe
elements typically have rate constants approximately one-fourthreactions 1a and 1b is shown as Figure 4. For the present
of the gas kinetic collision frequency because only transition discussion the key issues are the enthalpy of formation of
states on a singlet surface can recombine. Heavier atomsHOOBr and the heights of the exit channel barriers for reaching
(Benson has suggested those beyond atjoah promote spia the products. We have chosen values of these quantities for
orbit coupling in transition states, removing the restriction of the sake of argument. Although the choices are arbitrary, we
spin conservation and allowing the reaction rate to approach believe that they can be a useful starting point for consideration

the collision frequency. Examples of bromine-promoted spin
orbit coupling have been reported in photochemistrywe
attribute the large rate constant for GHBrO observed in this
work to a recombination mechanism with spiorbit coupling.
The data shown in Table 2 (refs 2, 4, and-11B) suggest that

of the interesting question of the mechanism of reaction 1.
There are no reported data for the-O bond energies of
halohydroperoxides. Therefore, we have estimated that the bond
energy of the mixed peroxidd)(AO—OB), is the mean of
D(AO—OA) andD(BO—OB). Note that the mean @, (HO—

the same mechanism is operative in the comparison of reactionOH) = 51.2 kcal mot? and D,9g’(CH;O—OCH;) = 37.2 kcal

rates for HQ + CIO and HQ + BrO. For the HQ reactions,
the BrO rate constant is 5 times larger than the CIO rate constant
this is very similar to the factor of 4.4 observed for the OH
reactions. On the basis of the trends observe&({f@H + XO)
andk(HO, + XO0), a value ofk(OH + 10) = (1—2) x 10710
cm?® molecule® s71 (i.e., a value comparable to the collision
frequency) may be expected Bit= 300 K (see Table 2).

4.2. Reaction Mechanism. The products of the reaction
were not determined quantitatively, and indeed it would be very
difficult to do so since most of the likely ones were unavoidably

mol~! is 44.2 kcal mat!, which is very close to the known

value, D2g?(CH30—OH) = 43.9 kcal mot? (ref 4).

Tabulated enthalpies of formati¥hyield the bond energy,
D29(CIO—OCI) = 18 kcal moit. The mean of the latter and
D2o’(HO—OH) = 51.2 kcal mot?! is 35 kcal mot®. In the
absence of a value for the enthalpy of BrOOBr, we have used
the estimateD,9(HO—OBr) &~ 35 kcal mof! = Dg(HO—
OCI). This leads to an estimated enthalpy of formation
AHs 209(HOOBT) & 5 kcal molt. We next consider the right-
hand half of Figure 4.

present as side reaction products or source reaction products. Simple bond scissions, such as HOOBrBr + HO,, can

Formation and decay of HQOwere observed qualitatively on
the basis of net signal a¥z= 33. The maximum signal level
(att = 12 ms) was about one-half that observed for Br®-at
0. The only exothermic product channels are

OH + BrO— [HOOBI[* —Br+ HO,  AHg;=

—10 kcal mol* (1a)

—[HOOBI*—HBr+0, AHg

—48 kcal mol'* (1b)

where [HOOBIf denotes the vibrationally excited addition
complex. The partitioning between the two product channels
will be determined by the competition between simple By
bond scission (channel 1a) and four-centered elimination of HBr
(channel 1b). This will, in turn, depend upon the enthalpies of

be driven by overcoming the endothermicity. There is no energy
requirement above the endothermicity, i.e., the activation energy
for the reverse reaction is zero. A four-centered elimination,
such as HOOBr— HBr + O, has a significant activation
energy. Although there are no data for HOGXHX + O,
many examples of four-centered HX elimination from halo-
alkanes have been studi¥d.The normal bromoalkanes from
C, to Cs haveAHRg = 15—-20 kcal mot? and activation energies
of 50—55 kcal moil. We have estimatedHr = —13 kcal
mol~! for HOOBr — HBr + O,. As a result a much lower
activation energy is expected. We have estimé&gd 30 kcal
mol~! on the basis of an assumption that the change in activation
energy will be about two-thirds of the changeArig. This is
an arbitrary choice and it is appropriate to ask what would be
the effect of a different (particularly a lower) activation energy.
For the sake of argument, suppose tkatfor HOOBr —
HBr + O, were reduced to 25 kcal ntdl, making the energies
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